Context. Debris disks are important observational clues for understanding planetary-system formation process. In particular, faint warm debris disks may be related to late planet formation near 1 au. A systematic search of faint warm debris disks is necessary to reveal terrestrial planet formation. Aims. Faint warm debris disks show excess emission that peaks at mid-IR wavelengths. Thus we explore debris disks using the AKARI mid-IR all-sky point source catalog (PSC), a product of the second generation unbiased IR all-sky survey. Methods. We investigate IR excess emission for 678 isolated main-sequence stars for which there are 18 µm detections in the AKARI mid-IR all-sky catalog by comparing their fluxes with the predicted fluxes of the photospheres based on optical to near-IR fluxes and model spectra. The near-IR fluxes are first taken from the 2MASS PSC. However, 286 stars with Ks<4.5 in our sample have large flux errors in the 2MASS photometry due to saturation. Thus we have measured accurate J, H, and Ks band fluxes, applying neutral density (ND) filters for Simultaneous InfraRed Imager for Unbiased Survey (SIRIUS) on IRSF, the φ1.4 m near-IR telescope in South Africa, and improved the flux accuracy from 14% to 1.8% on average. Results. We identified 53 debris-disk candidates including eight new detections from our sample of 678 main-sequence stars. The detection rate of debris disks for this work is ∼8%, which is comparable with those in previous works by Spitzer and Herschel. Conclusions. The importance of this study is the detection of faint warm debris disks around nearby field stars. At least nine objects have a large amount of dust for their ages, which cannot be explained by the conventional steady-state collisional cascade model.
Introduction
Debris disks are optically thin circumstellar dust disks around main-sequence stars whose proto-planetary disks have been dissipated. One of the possible scenarios is that they provide important observational clues for understanding planetary-system formation process because the dust grains in these systems may be supplied by collisions between planetesimals or growing proto-planets (e.g., Wyatt 2008) .
Observationally, debris disks are detected as infrared (IR) excess emission above the expected photospheric emission of dwarf stars. Debris disks were first reported in 1980s based on the Infrared Astronomical Satellite (IRAS) infrared all-sky survey observations. Including Vega (Aumann et al. 1984) , an appreciable number of IR excess stars were reported (Oudmaijer et al. 1992; Mannings & Barlow 1998) . Most of them have excess emission at a wavelength of 60 µm. Subsequently, in the 1990s, the detection rate and the timescale of dissipation of debris disks were investigated (Habing et al. 2001; Spangler et al. 2001 ) using the Infrared Space Observatory (ISO). In the last decade, the Spitzer and Herschel space telescopes detected hundreds of debris disks. The detection rate of debris disks is found to be 10-30% (e.g., Trilling et al. 2008; Eiroa et al. 2013 ).
The time scale for the dissipation of debris disks, which reflects the time scale of planetary-system formation, is statistically investigated for A-type and FGK-type stars, separately (e.g., Rieke et al. 2005; Su et al. 2006; Siegler et al. 2007) . Even in the era of observatory-type IR telescopes, the importance of unbiased surveys is realized through the studies based on the IRAS database (e.g., Rhee et al. 2007 ). In 2010s, the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) has explored large amount of debris disks with a highly sensitive all-sky survey (e.g., Patel et al. 2014) .
Though the number of stars in debris-disk samples has been increased, mysteries still remain over in essential points. For example, no simple statistical relation is found between debris disks and planet-hosting stars (Greaves et al. 2006; Moro-Martin et al. 2007; Kospal et al. 2009; Bry- Article number, page 1 of 17page.17
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A&A proofs: manuscript no. ishihara den et al. 2009; Dodson-Robinson et al. 2011; Moro-Martin et al. 2015) , though debris disks must be observational clues to ongoing planetary-system formation. This might be because the current exoplanet samples and debris-disk samples are weighted toward hot-Jupiters in close orbits and younger, heavier disks, respectively. In addition to the Asteroid and Kuiper belts, our solar system of 4.6 Gyrs old also has an optically thin dust disk named the Zodiacal cloud (e.g., Kelsall et al. 1989; Rowan-Robinson & May 2013; Planck Collaboration 2014) . The relation between the Zodiacal cloud and debris disks is also an important subject for discussion. One of the promising approaches for these subjects is a systematic exploration of faint debris disks in inner orbits at late stages of planetary system formation.
AKARI is the first Japanese IR astronomical satellite (Murakami et al. 2007 ) with a 70 cm-diameter 6 K telescope (Kaneda et al. 2007 ). The AKARI mid-IR all-sky survey was performed with two photometric bands centered at wavelengths of 9 and 18 µm using one of the onboard instruments, the Infrared Camera (IRC; Onaka et al. 2007 ) simultaneously with the far-IR survey conducted at the 65, 90, 140, and 160 µm bands (Kawada et al. 2007 ). The AKARI all-sky survey is the second generation unbiased all-sky observation in the IR following the IRAS survey. The publicly available mid-IR all-sky point source catalog (PSC; Ishihara et al. 2010 ) contains a large amount of newly detected IR sources (e.g., Ishihara et al. 2011) , as a result of improvements in sensitivity and spatial resolution over the IR all-sky survey by IRAS (Neugebauer et al. 1969) . Among the AKARI bands, the 18 µm band is sensitive to the IR radiation from warm dust grains with temperatures of 100-300 K, which are comparable to the equilibrium temperatures for dust grains at around 1 AU from a solar-type star. The detection limit for the AKARI 18 µm band is 90 mJy. In total, 194,551 objects in the PSC have 18 µm detections. In the previous study using the AKARI PSC, we reported 24 debris-disk candidates with large excess emission in the AKARI 18 µm band based on conservative criteria (Fujiwara et al. 2013) . Various kinds of minerals were detected through by follow-up observations of newly detected debris-disk candidates. Their conditions for formation give us information on events in the planetarysystem formation stages (Fujiwara et al. 2009 (Fujiwara et al. , 2010 . Thus, further systematic exploration of debris disks based on this database is warranted.
In this paper, we explore debris-disk candidates using the AKARI/IRC mid-IR PSC ver. 1 to enable statistical discussions on the evolution of debris disks, their relation to planetary system formations, and the relation between debris disks and the zodiacal light.
Observations and data analyses
Debris disks are detected as IR excess emission around main-sequence stars. First, we list known main-sequence stars with 18 µm detections. Then we predict their photospheric fluxes at 18 µm based on the optical to near-IR fluxes and model spectra. Finally, we compare the predicted fluxes with the observed fluxes and investigate excess emission.
Sample selection
We first obtain 1,735 main-sequence candidates that have AKARI 18 µm fluxes. 977 objects are selected from the Tycho-2 spectral type catalog (Wright et al. 2003 ) while 758 objects are from the Hipparcos catalog (Perryman et al. 1997) . We select B8V-M9V stars based on the Tycho-2 spectral type catalog (Wright et al. 2003) , which contains the largest number of stars with information on the luminosity class. The Tycho-2 spectral type catalog is made by combining other original catalogs. The luminosity classes for most of the stars are quoted from Michigan catalog for HD stars, Vol. 1-5 (Houk & Cowley 1975; Houk 1978 Houk , 1982 Houk & Smith-Moore 1988; Houk & Swift 1999) . These catalogs cover the southern hemisphere (Dec. < +5
• ) with the limiting magnitude of V∼15 mag., which is deep enough to cover all the main-sequence stars detected by the AKARI mid-IR survey. To cover stars in the northern hemisphere, we also search for main-sequence stars from the Hertzsprung-Russell (HR) diagram made by using the Hipparcos catalog (Perryman et al. 1997) . Stars located in the main-sequence locus (M V < 6.0 × (B − V ) − 2.0) are added to our sample. A total 64,209 main-sequence candidates are listed and cross-identified with the AKARI mid-IR PSC sources using a search radius of 3 , because the astrometric accuracy for the Hipparcos catalog, Tycho-2 spectral catalog, and the AKARI mid-IR PSC are ∼0.7 milli-arcsecond, ∼0.5 , and 2 , respectively (Perryman et al. 1997; Wright et al. 2003; Ishihara et al. 2010) .
Then we carefully screen the 1,735 targets using the SIMBAD database to make a clean sample of isolated mainsequence stars. Table 1 summarizes the classification of our main-sequence candidates by the SIMBAD database. Based on the SIMBAD classification, suspected proto-planetary disks and mass-losing stars are removed from our sample, because their IR excess emission tends to be misinterpreted as signs of debris disks. Suspected binary stars, multiple stars, and stars in clusters are also rejected from our sample because it requires further detailed analyses to evaluate contamination in IR fluxes from their companion or neighboring objects. Finally, 750 objects classified as star, highproper motion star, and extra-solar planet candidate are selected for our analyses.
Photometric data for central stars
We create optical to near-IR spectral energy distributions (SEDs) of the central stars using archival data. The SED for each central star contains five to seven photometric fluxes. The B T and V T band fluxes are taken from the Tycho-2 spectral type catalog (Wright et al. 2003) . The J, H, and Ks band fluxes are taken from 2MASS PSC ver. 6 (Cutri et al. 2003) . We also add the R-, and I-band fluxes from the Catalog of stellar photometry in Johnson's 11-color system (Ducati 2002) , if available.
J, H, Ks photometry by IRSF/SIRIUS
Detection of IR excess emission needs accurate estimation of photospheric emission as well as accurate measurement in the mid-IR. The fluxes in the J, H, and Ks bands play important roles to determine photospheric emission accurately. Stars in our sample have fluxes of magnitude one to six in the Ks band. Most of them are too bright to Ishihara, D. et al.: Warm debris disks explored by AKARI and IRSF measure their fluxes accurately due to the low saturation limit of 2MASS. Since bright stars are evaluated by point spread function fitting of saturated images (Skrutskie et al. 2006) , the measurement errors by 2MASS are as large as 11-17% in the J, H, and Ks bands for stars with J<5.5, H<5.2, or Ks<4.5 (see Fig. 1 ). Thus we have improved the accuracy of photometry of 325 bright main-sequence stars in the J, H, and Ks bands by using the Simultaneous InfraRed Imager for Unbiased Survey (SIRIUS) on InfraRed Survey Facility (IRSF), where SIRIUS is a wide field (7 ×7 ) near-IR camera which enables simultaneous observations in the J, H, and Ks bands (Nagayama et al. 2003) and IRSF is the φ 1.4 m near-IR telescope located at Sutherland in South Africa and managed by Nagoya University (Sato et al. 2001) . Table 2 summarizes photometric results for our sample observed by IRSF. With these observations we have successfully improved the J, H, and Ks flux errors from 17% to 1.9%, 14% to 1.4%, and 11% to 2.0%, respectively (see 
Removing suspected giant stars based on near-IR colors
By using the improved J, H, and Ks fluxes, 39 suspected late-type giant stars are removed from our sample because they show giant-like colors in the J-H versus H-Ks colorcolor diagrams (see Fig. A.3b) . Giants with spectral type later than K1 show different JHK colors from dwarfs while earlier-type giants show similar JHK colors as dwarfs in the JHK color-color plane. We also remove similarly 33 suspected giant stars from the 2MASS based sample (see Fig. A.3a) . Finally, a main-sequence sample with 678 stars is obtained.
Estimation of 18 µm photospheric flux
The photospheric flux densities of our sample are calculated from a Kurucz model (Kurucz 1992) fitted to the optical to near-IR photometry of the stars taking extinction into account. In the fitting, the scale factor S (i.e., the distance indicator related to the distance between the star and the Earth), and the visual extinction A V are set as a free parameter, while the effective temperature T eff , metallicity M , and log(g) are selected from discrete sets of template 1 values (g is surface gravity in cgs units). The error caused by using quantized parameters for the fitting is discussed in Appendix C. The quantized parameters cause uncertainties for individual F * , but they are much smaller than the systematic uncertainties for the excess identification. The range of A V is limited between 0 and 0.5 under the assumption that A V is small in most directions within D<100 pc (Lallement et al. 2003) . T eff is allowed to vary within ±1,000 K around the initial value that is quoted from the SIMBAD database or estimated from the spectral type. log(g) is selected among 4,0, 4.5, and 5.0, because log(g) for dwarfs varies from 4.2 to 4.7 (Cox et al. 2010 ). We assume solar metallicity for all the objects because they are located within 600 pc and no significant change in metallicity is expected. For the foreground extinction, we adopt the extinction curve of
where λ 0 = 0.507 µm (i.e., V band), A λ and A V are the extinction at λ and in the V band, respectively, and 
. This is the generalized extinction curve given by Fitzpatrick & Massa (2009) based on the model by Pei (1992) . The dust properties in the lines of sight determine R V and α. We use α = 2.05 and R V = 3.11 following Fujiwara et al. (2013) , assuming that the extinction curve is uniform within our survey volume. Though this extinction curve does not take into consideration the silicate feature at 10 µm, it does not affect the SED fitting of the photosphere because we only use 0.3-2.4 µm (from U to Ks bands) for the fitting. We might overestimate the photospheric emission at 18 µm because the model (Fitzpatrick & Massa 2009) does not take account of the silicate 18 µm feature. It works as a conservative estimate for the IR excess identification. The reliability of the fitting results is discussed in Appendix B.
AKARI 18 µm photometry
At the next step, we compare the predicted photospheric fluxes (F 18, * ) with the fluxes (F 18,obs ) observed at λ = 18 µm using the AKARI mid-IR PSC. The monochromatic fluxes in the PSC are derived for objects with spectra of F λ ∝ λ −1 . We apply color corrections to the catalog values assuming that the spectra of the photospheres of mainsequence stars are give by F λ ∝ λ −4 .
Excess identification
We investigate 18 µm excess emission for each star as follows: The excess ratio at 18 µm, (F 18,obs − F 18, * )/F 18, * , is calculated for each star. Then we make histograms of the excess ratios for the AKARI-IRSF sample and the AKARI-2MASS sample, separately, as shown in Fig. 2 . We fit these histograms with a Gaussian, assuming that these distributions are mainly caused by photon noise. We obtain the center of the peak µ = 0.157±0.005 and standard deviation σ = 0.126 ± 0.005 of the Gaussian function for the AKARI-IRSF sample, while µ = 0.177±0.003 and σ = 0.182±0.003 for the AKARI-2MASS sample. We regard that µ and σ are the systematic offset and the total uncertainties of the sample, respectively. We then select objects as debris-disk candidates which show excess ratios larger than µ + 3σ for both samples. Then, we check the known extragalactic sources around the excess objects using the NED database in order to avoid incorrect excess identifications by chance alignment of background sources. Even the nearest NED source (1RXS J194816.6+592519 for HD 187748) aparts as far as 10.02 . For all the other objects, there are no counter parts within 12 which corresponds to the twice of the FWHM of the AKARI 18 µm PSF (5.7 ; Onaka et al. 2007) ). Finally, for all the debris-disk candidates, we check the 2MASS K s , AKARI 9 µm, and AKARI 18 µm images to investigate the effects of image artifacts, and the contamination of background or foreground sources. Details are in Appendix. D.
The differences from our previous work (Fujiwara et al. 2013) in the process for identifying debris disks are as follows:
-Flux accuracy of the central stars: We have improved flux accuracy of the photosphere for nearby bright stars (325 objects with Ks < 4.5) by follow-up observations using IRSF instead of using publicly-available 2MASS fluxes. -Sample selection: In this work, we exclude double stars, multiple stars, spectroscopic binaries, and stars in a cluster as well as suspected YSOs and mass-losing stars before investigating the excess emission to discuss the excess probability more accurately. 13 objects out of the 24 debris-disk candidates reported in Fujiwara et al. (2013) are again listed in the current list while 11 objects are not included in our list because they are multiple stars.
Results

Debris-disk candidates with AKARI 18 µm excess emission
As a result, 53 objects out of 678 main-sequence stars in our sample are identified as debris-disk candidates that have excess emission at the AKARI 18 µm band. Tables 3 and 4 summarize the parameters of our debris-disk candidates, for the 2MASS based sample and IRSF based sample, respectively. Figure 3 shows the SEDs of the individual objects. It should be noted that some objects show flux ratios much larger than expected for main sequence stars. HD 93942, HD 145263, HD 165014, HD 166191, and HD 167905 are classified as main-sequence stars in literature (Wright et al. 2003) , and HD 9186 and HD 215592 has no luminosity class information in literature and were identified as main-sequence stars from the location on the HR diagram. All of them are reported as debris disks candidates in previous works (Oudmaijer et al. 1992; Clarke et al. 2005; McDonald et al. 2012; Fujiwara et al. 2013) . It should be noted that HD 166191 was studied by both Schneider et al. (2013) and Kennedy et al. (2014) and the conclusions were different. Additional observations are certainly needed to clarify the nature of these objects. HD 93942 shows a transitional-disk like SED composed of photosphere and thick circumstellar emission. It should also be noted that B-and A-type stars, HD 161840, HD 32509, HD 9186, HD 118978, and HD 28375, show ambient circumstellar emission on the AKARI 18 µm images. These objects are marked in Tables 3 and 4 .
Reliability of mid-IR excess identification
Among the 53 debris-disk candidates, 17 objects have been reported as debris disks in the previous studies Bryden et al. 2006; Su et al. 2006; Trilling et al. 2008; Fujiwara et al. 2013) , and the other 28 objects have been reported as mid-IR excess candidates (Oudmaijer et al. 1992; Clarke et al. 2005; McDonald et al. 2012) . For evaluating the reliability of our excess estimate, we compare the excess ratio in our results with those in the previous works in Fig. 4 though the observed wavelengths are not exctly the same. Figure 4 indicates that our estimate of the 18 µm excess is consistent with the results in the previous works. Excess ratios at the WISE 22 µm and IRAS 25 µm bands tend to be larger than those at the AKARI 18 µm band, which is reasonable if these systems have circum-stellar dust with temperatures lower than ∼300 K. It also confirms that at least our excess ratios are not overestimated.
The available measurements with WISE and IRAS are also overlaid on the individual SEDs in Fig. 3 . Some stars, HD 225132, HD 1237, HD 9186, HD 10939, show discrepancy between the AKARI and WISE-based measurements. It could be attributed to a temporal variation of the dust emission between 2006 and 2010. Another possibility is an effect of the silicate emission features that have broad peaks at 9 and 18 µm. We will address the nature of these objects in future work. Figure 5 shows the distance versus spectral type for our sample. The detection limit and survey depth, is a function of the spectral type, which is determined by the sensitivity of the AKARI mid-IR PSC. From our sample and the detections shown in Fig. 5 , the survey depth for 3σ detections of the photosphere reaches a distance of 74 pc for A0-type stars and 10 pc for M0-type stars. The detection rate of debris disks for the AKARI-2MASS sample is 7.9 % (31 objects out of 392). That for the AKARI-IRSF sample, which covers nearby bright stars, is 7.7 % (22 objects out of 286), which is comparable to that for the AKARI-2MASS sample. If we use 2MASS fluxes for the AKARI-IRSF sample, the detection rate of debris disks was 2.8 % (8 objects A&A proofs: manuscript no. ishihara (Wright et al. 2003) . The definition in the SIMBAD database is written in parenthesis if it is different from that in the Tycho-2 spectral type catalog. (4): Distance (pc) converted from the parallax in the Hipparcos catalog (Perryman et al. 1997 ). out of 286). The IRSF measurements significantly improve the detection rate. Tables 3 and 4 list the debris-disk candidates detected by AKARI, which include previous disk detections. As shown in the list, eight objects are new detections and 28 objects are confirmation of the previous reports for IR excess detection (Oudmaijer et al. 1992; Clarke et al. 2005; McDonald et al. 2012 ). In our sample with 2MASS photometry, newly detected objects around B-type stars (HD 146055) were not often explored in previous studies. Our accurate determination of photospheric emission by the IRSF observations results in new debris-disk detection around nearby bright F, and G-type stars (HD 69897, HD 101563, HD 112060, HD 134060, and HD 193307) . Therefore our sample contains mostly faint warm disks around bright nearby field stars. Table 5 summarizes the total number of our main-sequence stars, the number of debris-disk candidates, and the debrisdisk detection rate for each spectral type. The debris-disk frequency varies smoothly from 13 % of the A-type to 2 % of the K-type sample though the numbers within each spectral-type sub-sample vary widely. These debris-disk frequencies are comparable to those reported in previous studies Beichman et al. 2005 Beichman et al. , 2006 Su et al. Article number, page 6 of 17page.17 Ishihara, D. et al.: Warm debris disks explored by AKARI and IRSF The number of main-sequence stars in our sample is largest for F-type stars and decreases towards earlier-type stars (A-and B-type stars) and towards later-type stars (G-, K-, and M-type stars). The reason for this trend is explained as follows: In a sensitivity limited unbiased survey, early-type stars can be explored to a farther distance than late-type stars because early-type stars are brighter. On the other hand, the number density of late-type stars is larger than that of early-type stars, according to the initial mass function of the solar neighborhood. The number distribution of our sample is the result of these two effects.
Characteristics of our sample
Discussion
Debris-disk detection rate
Disk dissipation timescale
Small grains, which contribute most to infrared emission, are removed by collisional fragmentation and blown out by radiation pressure. The removal timescale is much shorter than the ages of host stars. Disruptive collisions among underlying large bodies, which are called planetesimals, produce smaller bodies and collisional fragmentation among them results in even smaller bodies. This collisional cascade continues to supply small grains. The evolution of debris disks has been explained by the steady-state collisional cascade model (e.g., Wyatt 2008; Kobayashi & Tanaka 2010) : the total mass of bodies decreases inversely proportional to time t. Therefore, the excess ratio (F disk /F * ) is given by
where t 0 is the dissipation timescale that is determined by the collisional cascade. Under the assumption of the steady state of collisional cascade, the power-law size distribution of bodies is analytically obtained and the power-law index depends on the size dependence of the collisional strength of bodies (see Eq. (32) of Kobayashi & Tanaka 2010) . In the obtained size distribution, erosive collisions are more important than catastrophic collisions (see Fig. 10 of Kobayashi & Tanaka 2010) . Taking into account the size distribution and erosive collisions, we derive t 0 according to the colli-sional cascade (see Appendix E for derivation), where s p is the size of planetesimals, R is the radius of the planetesimal belt, and e is the eccentricity of planetesimals. Interestingly, t 0 is independent of the initial number density of planetesimals (Wyatt et al. 2007) . Note that the perturbation from Moon-sized or larger bodies is needed to induce the collisional fragmentation of planetesimals (Kobayasi & Löhne 2014) , which is implicitly assumed in this model. Figure 6 shows excess ratio, F disk /F * , versus stellar age. We plot our samples if stellar ages are known: Estimated ages are available for four and six objects among nine Ftype and seven G-type stars in Table 3 and 4, respectively (Chen et al. 2001; Feltzing et al. 2001; Holmberg et al. 2009 ). We also plot the samples obtained from previous observations. The excess ratios for most of the objects A&A proofs: manuscript no. ishihara Table 5 . Statistics of debris-disk candidates with significant detection of the AKARI 18 µm excess emission.
Spectral type
B8-9 A0-9 F0-9 G0-9 K0-9 M0-9 Total  Number of stars  35  150  280  156  54  3  678  Number of debris-disk candidates  15  21  9  7  1  0  53  Detection rate (%)  43  14  3  4  2  0  8 are explained by the steady-state collisional cascade model (Eq. 2) if t 0 < 0.5 Gyr. However at least nine objects in our sample, the ages of which are determined in the literature, can not be explained with t 0 < 0.5 Gyr and are rather consistent with t 0 of 2 Gyr. If we assume a system like the solar system that has R ≈ 2.5 AU and e ≈ 0.1, then, very large planetesimals with s p ∼ 5, 000 km are required for t 0 ∼ 2 Gyr (see Eq. (3)). The bodies with s p ∼ 5, 000 km are larger than the Mars. A small number of such large bodies can be formed but a swarm of such large bodies for collisional cascade may be unrealistic. Furthermore, there are no young objects with high fractional luminosities corresponding to t 0 longer than 2 Gyr (see Fig. 6 ), which are progenitors of those old, bright debris disks. Therefore, those old debris disk objects with high fractional luminosity may not be explained only by the conventional steady-state cascade model. Kennedy & Wyatt (2012) explored IR excess for Kepler Objects by using the WISE catalog and indicated that large excesses around in old stars can be explained by chance alignment of interstellar dust or background galaxies. Merin et al. (2014) observed stars showing warm-IR excesses in WISE bands 3 and 4 with Herschel and obtained no detection in any of the targets, which indicates most of such excesses are likely caused by chance alignment of the foreground or background objects. Though our sample covers brighter nearby objects than the distant WISE sample, we investigate the probability of chance alignment of known extragalactic sources and/or diffuse dust emission by using NED database and the AKARI 18 µm images, respectively. No suspected features are found in these processes (see Section 2.7). Therefore, we judge that the stars have debris disks. High spatial resolution observations with future large telescopes might resolve the disk or reveal a nearby background source, thus clarifying the origin of the excesses.
If they are true debris disks, these high excesses around old stars may be related to other non-steady processes such as follows. (a) In planet formation, a swarm of planetesimals produces a small number of planetary embryos and the stirring by planetary embryos induces collisional fragmentation of remnant planetesimals, resulting in the formation of debris disks: Low mass disks composed of large planetesimals tend to have long timescales of disk evolution (Kobayasi & Löhne 2014) , which may explain these high excess around old stars. (b) In the late stages of planet formation, giant impacts among Mars-sized planetary embryos, which produced the Moon in the solar system, occur through long-term orbital instability. Although the total mass of fragments ejected from giant impacts is much smaller than planetary embryos, the excesses ratios resulting from giant impacts increase to observable levels (Genda et al. 2015) , which may form late debris disks. (c) In the solar system, the late heavy bombardment is believed to have occurred at ∼ 3.9 Gyr, based on radiometric ages of impact melts of lunar samples (Tera et al. 1974) . It may be related to dynamical events of planets in the solar system, which induce the formation of late debris disks in other systems (Booth et al. 2009; Fujiwara et al. 2013) . (d) In planet-hosting systems, planets trap dust grains in their mean motion resonances in a long timescale (Liou et al. 1996) , which may form late bright debris disks. The resonance trap is particularly studied for the Earth's resonance orbits in the solar system by the past infrared survey missions (e.g., Kelsall et al. 1989; Rowan-Robinson & May 2013) . Furthermore, the temporal variation of this component is indicated by the recent analysis of the AKARI all-sky survey data (Kondo et al. 2016) , although the variability is small.
Each non-steady process leads to different temporal evolution of excess ratios. The origin of the high excess debris disks around old stars will be revealed by investigating the temporal variability of infrared excess emission via multiepoch observations. The next chance will be brought us by the next space infrared mission, JWST or SPICA. Imaging observations with ground-based large telescopes such as TMT are also expected. The first detections of such planets are being made by ground-based direct imaging surveys, and space-based detections will follow in the future (e.g., WFIRST).
Summary
By using the AKARI mid-IR all-sky PSC, we have explored debris disks with 18 µm excess emission. We have carefully selected nearby isolated stars and compared their estimated photospheric fluxes with observed fluxes at a wavelength of 18 µm. For accurate estimation of the photospheric fluxes of the central stars, we have performed J, H, and Ks band photometry with IRSF for nearby bright stars whose 2MASS fluxes have large uncertainties due to saturation. The flux uncertainties of the central stars have been improved from 14% to 1.8% on average. As a result, we have successfully detected 53 debris-disk candidates out of 678 main-sequence stars. At least nine objects of them have large excess emission for their ages, which cannot be explained by the conventional steady state collisional cascade model. Ishihara, D. et al.: Warm debris disks explored by AKARI and IRSF 2 versus T eff in the fitting photospheric emission for HD 187748 as an example (left axis). Red, green, and blue points indicate cases for log(g) = 4.0, 4.5, and 5.0, respectively. Deviation of F * ,18 around the best-fit value (F * ,18 at T eff =6,500, log(g) = 4.0), is also overlaid in this plot (right axis). (B8), and HD 222173 (B8) result in 15,000 K, the maximum value in the fitting range. They do not show a convincing χ 2 curve and an asymptotic trend to the value of 15,000 K. It might because the peak of the photospheric SED is shorter than the wavelengths of input data. The T eff for HD 279128 (B8), HD 146055 (B9) result in 6,000 K and 7,000 K, respectively. It might be due to the constraint in A V in addition to the large 2MASS photometric errors. However, they don't affect the excess identification because all of them show apparent mid-IR excess in Fig. 3 .
Appendix D: Point image analysis for debris-disk candidates
We have investigated the images in 2MASS Ks-band, and AKARI 9 µm, as well as those in AKARI 18 µm for all the 53 debris-disk candidates to check image artifacts and contamination of other sources. Fig. D .1 shows these images. In previous work looking for WISE infrared excesses around faint stars contamination and artifacts have posed problems (Kennedy & Wyatt 2012; Ribas et al. 2013) . However, the fluxes of our debris-disk candidates are at the brightest end of WISE dynamic range. AKARI has better spatial resolution than WISE. Thus, the AKARI images less suffer confusion than the WISE data. In the AKARI 18 µm images, effects of image artifacts were not found and contaminating sources were not recognized. For example, HD 34890, HD 102323, and HD 165014 are accompanied by closely located sources in the line of sight, but they are clearly separated in the AKARI 18 µm image. Therefore, we conclude that spurious detections are not among our debris-disk candidates.
Appendix E: Collisional evolution
In a quasi steady-state collisional cascade, the flux-ratio evolution is given by (e.g., Kobayashi & Tanaka 2010) ,
where F disk,0 is the initial disk flux and τ 0 is the initial collisional cascade timescale, given by Kobayashi & Tanaka (2010) as,
where s p is the planetesimal radius, the radius of largest bodies in the collisional cascade, M tot,0 is the initial total mass of bodies, M ⊕ is the mass of the Earth, R is the radius of the planetesimal belt, ∆R is the width of the belt, and e is the eccentricity of planetesimals. For the derivation of Eq. (E.1), a steady-state collisional cascade is assumed. The steady state is achieved at t τ 0 and the flux ratio depends on the initial condition at t τ 0 . Therefore we additionally assume t τ 0 and then eq. E.1 becomes
In the steady-state collisional cascade, the surface number density of bodies with radii from s to s + ds, n s (s)ds, is proportional to s 1−p , where p is a constant. The power-law index p is determined by the dependence of collisional velocity and collisional strength on the radii of bodies (Kobayashi & Tanaka 2010) . The collisional strength is governed mainly by material properties for s < ∼ 1 km and by gravity s > ∼ 1 km (e.g., Benz & Asphaug 1999) . According to Kobayashi & Tanaka (2010) based on the mass dependence of strength obtained by hydrodynamic simulations (Benz & Asphaug 1999) , we assume p ≈ 3.66 for s < 1 km and p ≈ 3.04 for s > 1 km. The radius of smallest bodies is set to be 1 µm. For blackbody dust, this size distribution gives where B ν is the Planck function, T * and T d are, the stellar and dust temperatures, respectively, the value of B ν (T * )/B ν (T d ) is estimated for T d = 180 K, T * = 5, 800 K, and ν for the wavelength of 18 µm, and we assume that s p 1 km for this derivation. From Eqs. (E.2)-(E.4), we obtain Eq. (3). As shown in Eq. (3), t 0 is independent of the total mass of bodies and the width of the planetesimal belt. Fig. 6 . (a) F disk /F * at AKARI 18 µm versus stellar age for F-type stars. Filled circles indicate debris disk samples from previous works at 24 µm by Spitzer/MIPS (Beichman et al. 2005 Bryden et al. 2006; Chen et al. 2005a,b; Hillenbrand et al. 2008; Trilling et al. 2008) . Filled squares represent excess ratios observed by AKARI at 18 µm for stars with excesses larger than 3σ (debris disk candidates), while open squares show that for all stars in our sample. The solid line indicates the evolutionary track with t0 = 0.5 Gyr, where t0 is the dissipation time scale, while the dotted line indicates evolutionary track of t0 = 2 Gyr (see text for details). (b) Same as (a) but for G-type stars. Article number, page 15 of 17page.17 A&A proofs: manuscript no. ishihara Article number, page 17 of 17page.17
